Objective: To identify determinants of low birth weight (LBW) in Karachi, Pakistan, including environmental exposures and nutritional status of the mother during pregnancy. Design: Cross-sectional study. Participants: Five hundred and forty mother-infant pairs. We interviewed mothers about obstetric history, diet and exposure to Pb. We measured birth weight and blood lead level (BLL). We performed multiple log binomial regression analysis to identify factors related to LBW. 
Low birth weight (LBW) remains a significant public health problem in many parts of the world and is associated with both short-and long-term adverse consequences. Globally, more than 20 million infants are born with LBW, about 15?5 % of all live births (1) . The prevalence of LBW is high in developing countries (18?5 %) , with the highest prevalence in South Asia (27 %) including Pakistan (19 %) (1) . LBW infants have an increased risk of mortality during the neonatal period, infancy, childhood and during later during adulthood (2, 3) . Previous research has shown that birth weight is influenced by length of gestation, parity, prenatal care, education level of the mother and father, socio-economic status, maternal malnutrition, maternal smoking, environmental tobacco smoke (ETS), short stature of the mother, short birth intervals, maternal and fetal medical problems, as well as certain infections and exposure to environmental agents such as Pb and pesticides (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Risk factors for LBW in developing countries are different from those in developed countries. In the USA and European countries, the prevalence of LBW is relatively low (5-7 % of live births) and the main determinants of LBW are exposure to environmental toxins such as Pb, ambient air pollution, lack of prenatal care and low socioeconomic status. In contrast, most developing countries have a high prevalence of both LBW and maternal malnutrition and dietary deficiencies (14) . In addition, developing countries have high levels of rising urban environmental pollutants such as Pb. Thus, there is a need to evaluate the relationship between Pb exposure and LBW in regions with high prevalence of other potential risk factors for LBW. The present study examined the determinants of LBW including Pb exposure, nutritional status and prenatal care during pregnancy in Karachi, Pakistan.
Methods

Study setting
The study was conducted in Karachi which is the largest city, the main port and the industrial and trade centre of Pakistan. Karachi has a population of more than 10 million, about 40 % of whom live in squatter settlements. Karachi has potential for high Pb exposure from various environmental sources such as automobiles, industrial emissions and occupational exposures. The subjects for the present study were recruited at two tertiary-care hospitals located in the inner city, and comprised lowand middle-income patients from various parts of the city.
Study design
The present study was a cross-sectional study conducted between January and August 2005. Study subjects were mothers and their infants born during the study period.
Study participants
Eligible subjects were women who: (i) were willing to participate in the study; (ii) were residents of Karachi for at least 1 year; (iii) were admitted for delivery in one of the two study hospitals; and (iv) planned to deliver a singleton at term (37-42 weeks of gestation). Mothers were excluded if they had physician diagnoses of psychiatric morbidity, kidney or cardiac disease, history of repeated urinary tract infections, sickle cell anaemia, thyrotoxicosis, autoimmune diseases such as Crohn's or coeliac disease, drug dependence, steroid intake during pregnancy, antepartum haemorrhage, placental abnormalities such as abruptio placentae, pre-eclampsia or a fetus with congenital anomalies.
Subject selection
We randomly selected ten mothers each day who registered for delivery at the study hospitals. We invited selected mothers for eligibility screening using medical records. Those found eligible at this stage were invited for participation in the study and written consent was obtained.
Exposure assessments
We used maternal interview, medical record review and maternal anthropometric examination, and umbilical cord blood for assessment of potential risk factors.
We used a pre-tested Urdu translated questionnaire to collect information. Registered nurses conducted interviews after training in interviewing and field procedures. Study procedures were pilot-tested before the start of data collection. Maternal interview and measurements were conducted both before and after delivery depending on the mother's condition.
The questionnaire elicited information on sociodemographic factors, obstetric history, diet during pregnancy and sources of Pb exposure. Sociodemographic factors included maternal age, education, occupation, husband's education and occupation, household income and possession of household assets. Socio-economic status was assessed using income and a wealth index based on household possessions with proportionate weighting.
The questionnaire also elicited information on current and past obstetric history including parity, pre-pregnancy weight, prenatal care (number, time of each visit and services provided), history of vaginal discharge, feeling of depressive symptoms (measured on a scale of 1-5, from none to extreme feeling), overall health status (measured on a scale of excellent, very good, good, fair and poor), hours of rest during day and night, total hours spent in the kitchen, perception of work load during pregnancy, potential exposure to indoor pollution (measured by type of kitchen), smoking during pregnancy, exposure to ETS at home or work, use of DDT (dichlorodiphenyltrichloroethane), mosquito coils and rodenticides, anaemia during pregnancy, history of acute upper respiratory tract infection, fever, physician diagnosed high blood pressure, gestational diabetes, and use of calcium/iron/ vitamin C supplements with the quantity, duration and brand name during pregnancy.
We assessed dietary intake of Ca, Fe and vitamin C during current pregnancy using an FFQ adapted from a previous study of dietary intake during pregnancy in Karachi (15) . The FFQ elicited information on the intake of foods in the most recent month, including the frequency per week and the quantity according to portion size. To help in recall, pictures and models of standard portion sizes applicable in the local settings were used. Total Ca intake was estimated from questionnaire data on supplements and diet. For supplements, the quantity of Ca was abstracted using manufacturer information provided in a drug index and then the quantity from each supplement taken each day was summed to obtain daily Ca intake from supplements. Dietary Ca intake was derived from the quantity of Ca contained in each food item on the FFQ. Ca content estimates were obtained from Pakistani food tables. If a food was not available in the Pakistani food table, Ca content was derived from Indian or US food tables. The amount of Ca consumed was computed by multiplying Ca contained in a serving of food by the number of servings of food consumed each day. Total Ca intake per day was the sum of Ca from diet and supplements. The same approach was used to compute elemental Fe and vitamin C intake from supplements, diet and daily total intake.
Maternal weight, height, mid upper-arm circumference (MUAC) and biceps and triceps skinfold thickness were measured after delivery. Three measurements of MUAC, biceps and triceps skinfolds were taken on the nondominant arm. MUAC and the biceps skinfold thickness (BSFT) have been shown to predict pre-pregnancy nutritional status, as these indices change very little during pregnancy (16) . Medical records were reviewed for gestational age measured by ultrasound, high blood pressure during pregnancy, glucose intolerance and gestational diabetes.
Pb levels were tested in umbilical cord blood. 
Outcome assessment
The outcome of interest was LBW. LBW was defined as infant weight #2?5 kg. Infant anthropometrics were measured within 12 h of birth. Birth weight was measured using an infant pan scale, length using a flat board, and head and chest circumferences were measured using a non-stretchable tape.
Sample size Sample size estimation was based on the relationship of umbilical cord blood lead level (BLL) and LBW. We assumed that about 80 % of women will have BLL $ 10 mg/dl as in a previous study on children (17) and umbilical cord BLL will be 75-90 % of maternal levels (18) . By assuming umbilical cord BLL to be 80 % of maternal levels, 64?2 % of newborns were expected to have umbilical cord BLL $ 10 mg/dl. Thus the sample size for examining the relationship between BLL and LBW was based on the assumption that 64 % of normal-weight infants would have BLL $ 10 mg/dl. With 5 % significance and 80 % power and assuming a 1:3 ratio of normal and LBW babies, to detect an odds ratio of 2?0 and with 10 % non-response rate we would require a sample size of 533 newborns. Thus, we enrolled 540 mothers and infants.
Data analysis
Data were double-entered into Epi Info TM 2002 software (CDC, Atlanta, GA, USA) and analysed using the Statistical Analysis Systems statistical software package version 9?1?3 (SAS Institute, Cary, NC, USA).
We computed proportions for categorical variables and mean, standard deviation and median for continuous variables. We compared continuous variables using the t test or ANOVA and categorical variables using the x 2 test. We computed the prevalence of LBW for each category of a potential risk factor as the number of infants with birth weight #2?5 kg divided by the total number of normal-weight plus LBW infants in each category. We computed the crude prevalence ratio (PR) for exposure variables as the prevalence of LBW among those in the high-risk category divided by the prevalence in the unexposed or presumed to be low-risk category. We used a log binomial regression model to estimate the adjusted prevalence ratios (adjPR) using PROC GENMOD in SAS.
We categorized sociodemographic variables as follows: mother's age as ,20, 20-30 and $30 years; mother's and father's education as ,5, 6-12 and .12 years; wealth index as low, medium and high; and monthly household income as below the median and greater than or equal to the median. MUAC and BSFT were dichotomized at the median. Vitamin C from diet was dichotomized into high (4th quartile) and low (1st-3rd quartile). Prenatal visits were categorized into $4, 2-3 and #1. Time of first visit was categorized into during first 16 weeks, 17-28 weeks and .28 weeks of gestation. An index of prenatal care adequacy was created as follows: sufficient, $3 visits and first visit before 16 weeks; fair, 2 visits or first visit between 17 and 24 weeks; and inadequate, no or 1 visit or first visit between 25 and 38 weeks. Overall health status was categorized into excellent, good, fair and poor.
Variables with P , 0?2 in univariable analysis and umbilical cord BLL were considered for evaluation in multivariable analysis. We started with the most significant variable and added variables one by one while assessing their significance and change in effect estimate. Variables that were not significant or did not produce a change in effect estimate of .10 % were removed from the model. Variables significant at P , 0?05 were kept in the final model. We tested interactions of variables in the model.
Ethical approval
The study was approved both by the Institutional Review Board of the University of Alabama at Birmingham and the Ethics Review Committee of the Aga Khan University in Karachi, Pakistan.
Results
Study participants
Of 807 mothers initially screened for eligibility, 565 were eligible. All subjects consented to participate in the study. Data on outcome or a major portion of the interview was missing for twenty-five participants. Thus 540 subjects were available for analysis, which was the planned target for enrolment (Fig. 1) .
The gender distribution of infants was approximately equal (male, 54 %; female, 46 %). Mothers were relatively young with a median age of 25 years (Table 1) . Fathers were more likely to have educational level greater than 12th grade compared with mothers (14 % v. 6?5 %). Only Table 1) .
The median birth weight was 3?0 kg, and median head circumference was 34?5 cm. Of 540 infants, 100 (18?5 %) infants were born with weight #2?5 kg. In the univariable analyses, factors statistically significantly associated with LBW included MUAC, BSFT, dietary vitamin C intake, cooking frequency, hours of rest during the third trimester, number of prenatal visits, feeling of depressive symptoms and perception about health status ( Table 2) .
Multivariable log binomial regression modelling indicated that perceived health status, number of prenatal visits, parity and interaction of MUAC and dietary vitamin C intake during pregnancy were significantly associated with LBW. High umbilical cord BLL was not associated with LBW. Mothers who perceived that their health status was poor were more likely to give birth to an LBW infant than mothers who reported good health status (adjPR 5 1?83; 95 % CI 1?09, 3?07). Mothers who had one or no prenatal care visits during pregnancy were twice as likely to give birth to an LBW infant than mothers who had four or more visits (adjPR 5 2?18; 95 % CI 1?39, 3?43). There was a significant interaction of MUAC and dietary vitamin C intake. Those mothers who had MUAC # 28?9 cm (equal to or below median) and vitamin C intake .208?7 mg/d (4th quartile) were eleven times more likely to give birth to an LBW infant (adjPR 5 10?80; 95 % CI 1?46, 79?76). Mothers who had MUAC . 28?9 cm and vitamin C intake #208?7 mg/d were also eleven times more likely to give birth to an LBW infant (adjPR 5 10?67; 95 % CI 1?50, 76?02), and those who had MUAC # 28?9 cm and vitamin C intake #208?7 mg/d were thirteen times more likely to give birth to an LBW infant (adjPR 5 13?19; 95 % CI 1?85, 93?79), as compared with those who had MUAC . 28?9 cm and vitamin C intake .208?7 mg/d. Women who were pregnant for the first time or had given birth five or more times were more likely to give birth to an LBW infant (adjPR 5 1?53; 95 % CI 1?08, 3?43). We also developed a model with maternal BSFT replacing maternal MUAC and the results were similar (Table 3) .
Discussion
In the present study of mother-infant pairs recruited from tertiary-care hospitals of Karachi, low vitamin C intake and MUAC below the median, poor perceived health status, and low prenatal care were associated with LBW. These results suggest that nutritional factors, prenatal care and perceived health status are important determinants of birth weight in a population where nutritional deficiencies are common and prenatal care is not adequate. Thus, improving overall nutritional status and access to prenatal care will be critical steps in reducing LBW.
Our study found that nutritional status of the mothers modified the effect of dietary vitamin C intake during pregnancy on LBW. Mothers who had low dietary intake of vitamin C and poor nutritional status as measured by below-median MUAC and BSFT were more likely to give birth to an LBW infant. Many studies from other parts of the world have reported the association of indices of maternal nutritional status (MUAC, BSFT, weight, BMI) with infant birth weight (19) (20) (21) . For example, a recent study in Zimbabwe reported that maternal MUAC was strongly related with LBW (20) ; another in Sao Paulo, Brazil, reported an association between LBW and MUAC (19) . Previous studies have also reported the association of low vitamin C intake during pregnancy with LBW. In a follow-up study of women in rural India, intake of green leafy vegetables and fruits -both rich sources of vitamin C -was significantly associated with higher birth weight. Investigators reported that the effect was strongest in lighter and thinner women (22) . Another study in the UK also found a positive association of dietary vitamin C intake during pregnancy and birth weight (23) . A Korean study reported that higher serum vitamin C and vitamin E during pregnancy are associated with higher birth weight (24) . Recent evidence indicates a role of oxidative stress in the pathophysiology of LBW (25, 26) . Vitamins C and E are antioxidants and counteract oxidative stress. Our findings of an association of vitamin C and birth weight are consistent with the aforementioned studies. Taken together, both our results and these previous findings have important public health implications for providing vitamin C during pregnancy. Our results also highlight that supplements will be more effective in reducing LBW among women with poor nutritional status to start with. Thus, below-median MUAC and BSFT can be used as an indicator to screen women presenting for prenatal care for more rigorous efforts for supplementation to reduce LBW. MUAC and BSFT at delivery have been reported to be strongly correlated with MUAC and BSFT during early pregnancy (16) . Inadequate prenatal care has been reported to be associated with LBW from many settings across the world like the USA, France, Finland, Brazil, Saudi Arabia, Bangladesh, Nepal and India (27) (28) (29) . Furthermore, it is well reported that provision of prenatal care is associated with improvement in LBW (30) . However, other studies have reported no association of no or low prenatal care with poor birth outcomes (31) . Many indices are used to assess the adequacy of prenatal care, incorporating the date of the first visit, total number of visits and length of pregnancy. However, inconsistencies in the definition of adequacy have led to controversies about the effectiveness of the current model (32) . To address the issue of adequate number of visits, timing and content, many trials were conducted in developed and developing countries. A recent WHO-sponsored review of trials testing a new model with fewer number of visits and a goal-oriented approach found that LBW incidence was the same even after reduced number of visits, although at substantially reduced cost (33) . In our study, one or no prenatal visit was significantly associated with LBW in comparison with four or more visits. Another study in Pakistan also reported an association of low prenatal visits (less than three) with LBW (34) . Thus, in our setting improving access to prenatal care could reduce LBW further.
Poor self-rated health status is a determinant of adverse health outcomes and mortality (35) . It has been suggested that improvement or decline in self-rated health reflects primarily ongoing changes in the amount of distress or limitation associated with physical symptoms, mainly chronic ill health (36) . A previous study of the self-rated health status of women in Pakistan reported them to have poor overall self-reported health (37) . These findings are consistent with the findings of studies on South Asian immigrants in the UK (38) . Distress also leads to more negative health perceptions and negative health perception promotes distress (39) . Stress during pregnancy has been found to be associated with low social support (40) . Studies have reported an association of low or lack of social support with LBW (41) . In our study, poor self-rated health status was associated with LBW. Taken together with the previous findings that poor self-rated health reflects chronic ill health, pregnant women in our study are experiencing chronic ill health and lack of well-being and social support that is affecting their own health as well birth outcomes. Overall well-being and chronic ill health need further investigation in the context of pregnancy and birth outcomes in a developing country setting. There have been studies about stress and social support, but more work is needed to replicate our findings by directly measuring self-rated health status, its association with birth outcomes and its implications in the reduction of LBW. Various studies from different parts of the world using maternal blood and bone Pb levels and umbilical cord BLL as a marker of prenatal Pb exposure have reported inconsistent results for an association between Pb and LBW (11) (12) (13) . Such inconsistencies in results may be due to different populations with different background risks, different biomarkers used for measuring Pb exposure, or differences in control for important covariates. Findings from the current study are consistent with many other studies from different parts of the world which did not find an association of Pb levels and LBW (13, (42) (43) (44) . Studies have also reported the association of outdoor air pollution, exposure to biomass fuel and ETS with LBW (6, 8, 9) . However, none of these factors was significant in our study.
Limitations
The major strengths of the present study include the large sample size and measurement and control for important confounders. An FFQ was employed for estimation of dietary intakes of Ca, Fe and vitamin C that has been used previously but not formally validated. Many of the exposure measurement methods were based on selfreport with the possibility of imperfect recall and misclassification. However, since all procedures were standardized and performed consistently, only nondifferential misclassification is likely, which may have attenuated measures of effect. The study enrolled women who gave birth in study hospitals. In urban areas of Pakistan, a substantial proportion ( , 30 %) of women deliver at home (45) . Hence, those delivering at hospital may be different from women delivering at home in their cultural beliefs, medical conditions forcing them to deliver in hospital, or may be more health-conscious. Therefore, caution should be used about the generalizability of these findings. Another potential limitation is the possibility of selection bias. However, selection bias is not likely in our case, because selection bias occurs when the comparison group (non-LBW infants) does not provide an estimate of the exposure distribution in the source population from which the LBW cases originate. The non-LBW infants originated from the same hospitals as the LBW infants, representing the same secondary bases of LBW, thus reducing the risk of selection bias.
Conclusion
In Pakistan, mothers with low intake of vitamin C during pregnancy and poor nutritional status were more likely to give birth to an LBW infant. These results highlight the importance of supplementation of vitamin C, which will be more effective in reducing LBW among women with poor nutritional status, although there remains a need to evaluate the effectiveness of vitamin C in reducing LBW through randomized trials. There is also a need to evaluate and replicate our finding that women with MUAC or BSFT below the median can benefit more from supplements. Very few prenatal care visits also the increased risk for LBW; thus access to prenatal care services should be improved. Moreover, future work should examine the reasons for under-utilization of already available services, including quality of care and the population's perceptions about the usefulness of these services. Environmental factors including umbilical cord BLL were not significantly associated with LBW.
